Abstract: This article provides an ultrastructural atlas of microsporogenesis in the tobacco model line SR1. The stages of cell-wall remodeling and reorganization of the intercellular channels, accompanying this process, are reported for the microspore mother cells. The meiotic changes in the cell nucleus and cytoplasm are traced. The appearance of single-, double-, or multi-membrane nuclear vacuoles in microspore mother cells and their further elimination from the nucleus are for the first time described for the genus Nicotiana as well as deviations from a normal course for this process. Intercellular chromatin migration (cytomixis) was observed in the microsporogenesis of the line SR1 and behavior of the nuclear vacuoles within the cytomictic nucleus was described for the first time. The enzymatic activity of spherosome-like vesicles in the tobacco microsporogenesis is discussed. The features of microsporogenesis in the tobacco line SR1 are compared with those of other plant species and its association with the transition from a diploid to a haploid phase of the life cycle is discussed.
Introduction
The process of pollen formation in higher plants is of special interest not only because the mature pollen grain is an entire male gametophyte, but also since a successful progress of all the pollen developmental stages determines the plant fertility. Pollen development comprises several key stages, namely, the mitotic division of the primary archesporial cells, meiosis in microspore mother cells (MMCs) with formation of haploid microspores, transformation of microspores into pollen grains, and development of a mature male gametophyte. Meiotic division is the key event in this process, leading to the reduction in chromosome number and transition from a diploid to a haploid stage of the plant life cycle. During meiosis, the nucleus, cell wall, and cytoplasm in MMCs are subject to a major remodeling. These transformations are controlled by numerous genes, and the specific features of this process can vary in different plant species. Therefore, a comprehensive study of the course of a normal microsporogenesis in plants from different taxa, in particular, at an ultrastructural level, is a topical problem. Of special importance is the study into specific features of normal microsporogenesis in the plants used as models.
The tobacco line SR1 is a model for applied and basic research, in particular, for studying the abnormalities in flower development (Zagorskaya et al. 2001; Sidorchuk et al. 2007 ). This line was obtained from haploid calluses of Nicotiana tabacum cv. Petit Havana, which restored their diploid status during in vitro cultivation; also the calluses and plants regenerated from them were streptomycin-resistant (Maliga et al. 1973) . Streptomycin-resistance of initial calluses arouse through the mutation in plastids genome (Maliga et al. 1973) . We assume that an unusual nature of the line SR1 can result in some deviations to the microsporogenesis of this line. Moreover, electron microscopical analyses of microsporogenesis of other representatives of the genus Nicotiana are rather few. Thus, the goal of this work was to study the specific ultrastructural features of the tobacco microsporogenesis by the example of SR1 line.
The present study describes an ultrastructural analysis of the main MMC components and reconstructs the dynamics of their transformations during meiotic division. The observed microsporogenesis pattern is compared with the microsporogenesis of other plant species.
Material and methods
Tobacco (Nicotiana tabacum L.) line SR1, obtained earlier from Dr. Mendel (Leibnitz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany) was used for this study. The plants were grown in a hydroponic greenhouse with a photoperiod of 16/8 h (day/night) at a temperature of 22/18
• C (day/night). The anthers containing MMCs were picked at various meiotic stages, and their developmental stages were determined by light microscopy; then anthers were cut into pieces of 2-3 mm and fixed with 2.5% glutaraldehyde (Serva, Germany) in 0.1 M phosphate buffer (pH 7.2-7.4) for 4 h at a room temperature. Then the c 2012 Institute of Molecular Biology, Slovak Academy of Sciences material was washed three times for 10 min with phosphate buffer followed by post-fixation with buffered 1% osmium tetroxide (Azurite, Russia) for 2 h at a room temperature, washed with phosphate buffer two times for 15 min, and dehydrated with ethanol solutions of increasing concentrations. The samples were placed into acetone for 1 h and embedded into araldite epoxy resin (Fluka, Switzerland).
Semithin 0.5 µm sections were made with a glass knife in an Ultracut (Reichert-Jung, Austria) ultramicrotome. The semithin sections stained with 1% toluidine blue solution were photographed in a transmission light using an Aksioskop 2 plus (Carl Zeiss, Germany) microscope equipped with an MC80 camera.
Ultrathin 80 nm sections were made using an Ultracut UCT (Leica, Switzerland) ultramicrotome and stained with lead citrate and uranyl acetate (Serva, Germany). The stained sections were examined using a JEM 100S (Jeol, Japan) or a Libra120 (Carl Zeiss, Germany) transmission electron microscope at an accelerating voltage of 80 kV. The electron microscopy was performed at the Joint Access Center for Microscopic Analysis of Biological Objects with the Siberian Branch of the Russian Academy of Sciences.
Results and discussion
Microsporogenesis of tobacco line SR1 was studied at the following stages: (i) premeiotic stage (diploid MMCs formed from the primary archesporium via a mitotic division); (ii) early prophase I (entering of MMCs in meiosis, leptotene, zygotene, pachytene); (iii) late prophase I (diplotene and diakinesis); (iv) metaphasetelophase of the first meiotic division; and (v) second meiotic division, ending in formation of the tetrads of haploid microspores.
Premeiotic stage
Before the meiotic division, the future MMCs are angular-shaped and are tightly packed (Fig. 1A,B) , filling the entire space of anther locule. The cell wall comprises middle lamella, mainly composed of pectins, and the primary cellulose wall (Fig. 1C) .
At the premeiotic stage, the cell nuclei are large, oval-shaped, are located in the center, and occupy a considerable part of the cell (Fig. 1A,B) . The chromatin is spread over the nucleus in a diffuse manner without aggregations of condensed chromatin in the nuclear periphery, which is characteristic of some Solanaceae representatives (Polowick & Sawhney 1992) . The nucleoli are large (usually 1-2 per nucleus) with three distinct structural elements, namely, the granular and fibrillar components and nucleolar vacuole (Fig. 1A) . The observed nucleolar structure corresponds to active synthetic processes taking place in it (Johnson 1969; Morena-Dias de la Espina et al. 1980) .
The plastids and mitochondria during this period are small and are located mainly near the walls (Fig. 1A) . The cytoplasm contains few vacuoles, the majority of which have inclusions of electron dense material (Fig. 1A) .
Early meiotic prophase I (entering meiosis, leptotene, zygotene, and pachytene) When entering the first meiotic division, the MMC shape almost does not change: MMCs still lie close to each other (Fig. 1D,E) . At an ultrastructural level, entering the meiotic division is distinctly determined by the callose deposition on the inner surface of the cell wall ( Fig. 1D ,F; shown with black arrows). Callose is a water-insoluble polysaccharide, which is intensively deposited between the plasmalemma and primary cellulose wall during microsporogenesis, leading to formation of a wide electron-transparent layer of the secondary cell wall (Fig. 1F) .
The callose deposition starts from the cell angles; as a rule, this is a non-uniform process (Fig. 1D) . The electron-transparent vesicles with callose reach the plas- malemma; callose leaves the cell via exocytosis to form a joint callose layer between the plasmalemma and primary cell wall (Fig. 1D, F) . The callose-containing vesicles separate from the widened endoplasmic reticulum (ER) cisterns located near the cell wall. Most likely, the ER cisterns filled with callose can directly fuse to the plasmalemma, being involved in the callose wall formation (Fig. 1F) . Thus, the callose deposition changes the cell wall composition; by the pachytene, the cell wall is represented by the middle lamella of pectins, primary cellulose wall, and thick secondary wall of callose (Fig. 1F) .
At the early meiotic prophase, the intercellular channels are remodeled in the MMCs. The plasmodesmata connecting MMCs partially disappear, being substituted with large cytomictic channels. As we have demonstrated earlier, the plasmodesmata in the early prophase I lose their internal structure and, increasing in size, are transformed into cytomictic channels (Mursalimov et al. 2010) . There are some known cases of a de novo formation of cytomictic channels in the early meiotic prophase I with the help of hydrolytic enzymes secreted by the ER (Wang et al. 1998; Yu et al. 2004) . The development of the cytomictic channels in the cell wall, which in the tobacco line SR1 MMCs have a size of 40-620 nm (Mursalimov et al. 2010; Mursalimov & Deineko 2011) , leads to transport of nuclei between MMCs, i.e., to the cytomixis ( Fig. 2A,B) . The frequency of cytomixis between tobacco line SR1 MMCs is constant, amounting to approximately 4% (Sidorchuk et al. 2007 ). Nuclei usually migrate concurrently via several closely located channels and, as a rule, several neighboring MMCs, forming cell chains connected with unidirectionally migrating nuclei, can be involved in this process (Mursalimov & Deineko 2011) .
Since the callose wall formation is completed by the pachytene, the unchanged plasmodesmata and cytomictic channels are closed by callose depositions (Fig. 2C) . However, we have also observed the existence of cytomictic channels in the tobacco line SR1 MMCs at later stages of meiotic division (S. Mursalimov & E Deineko, unpublished data); possibly, this can be connected with their de novo formation after development of the callose wall. Presumably, specific organellesspherosome-like vesicles, detectable in the cytoplasm since the pachytene (Fig. 2C ) can be involved in this process. The spherosome-like vesicles display a certain enzymatic activity and are involved in a de novo formation of cytomictic channels (Mursalimov et al. 2010) .
The data on the role of cytomictic channels and the mechanisms of their function are yet sparse. There are two main assumptions that explain the formation of such large channels between MMCs. The first hypothesis postulates that the cytomictic channels are formed to provide the transport of nuclei or their fragments. Cytomixis as the process of intercellular migration of nuclei was first described by Arnoldy (1900) in the reproductive organs of gymnosperms as early as over a century ago. By now, this phenomenon has been discovered in many plant species and is most frequently detectable during microsporogenesis (Lattoo et al. 2006; Negron-Ortiz 2007; Kim et al. 2009; Kumar et al. 2010) . The majority of researches currently studying this issue are inclined to believe that cytomixis can cause the formation of aneuploid and polyploid gametes (Falistocco et al. 1995; Ghaffari 2006; Lattoo et al. 2006; NegronOrtiz 2007; Singhal & Kumar 2008; Kim et al. 2009; Risso-Pascotto et al. 2009; Kumar et al. 2010) .
According to another opinion, the cytomictic channels are used for an active exchange with information molecules and nutrients between developing MMCs (Heslop-Harrison 1966) . In this case, the phenomenon of intercellular migration of the nuclear contents can be regarded as an abnormality, which can be caused by several factors.
Considerable changes during the early meiotic prophase are also observed in the nuclear morphology. The nuclear envelope becomes wavy ( Fig. 2A,B) , and the chromatin condenses. The granular component in the nucleolus disappears, and the nucleolar vacuoles decrease in size. By the pachytene, the nucleolus becomes denser, and the granular component and vacuole completely disappear ( Fig. 2A) . At the zygotene, nuclear vacuoles are formed in the nucleus (Fig. 3) . The nu- Nuclear vacuoles in nucleus migrating via cytomictic channel (early pachytene; arrow denotes site of nucleus transition into another cell and asterisks, nuclear vacuoles). (D) Nuclear vacuoles dropping out from nucleus (late pachytene; asterisks denote nuclear vacuoles within nucleus and those dropped into cytoplasm). (E) Vacuoles within metaphase plate, presumably originating from nuclear vacuoles (asterisks denote the vacuoles). Ch, chromatin; Nu, nucleolus; CW, cell wall; Ca, callose wall; and MN, micronucleus formed by cytomixis. Bars represent 400 nm in (A), 2.5 µm in (B) and (C), 500 nm in (D), and 2 µm in (E).
clear vacuoles are specific structures within the nucleus filled with electron-transparent substance.
Nuclear vacuoles have been observed in the spermatogenesis of lobsters, silkworm, ferns, gymnosperms, and angiosperms (Rasmussen 1976; Sheffield et al. 1983; Rodriguez-Garcia et al. 1988; Majewska-Sawka et al. 1990 ). However, we have not found any references to the nuclear vacuoles in the microsporogenesis of tobacco or closely related species; thus, this is the first description of development of the nuclear vacuoles in the microsporogenesis of the genus Nicotiana.
The tobacco line SR1 MMCs contain the nuclear vacuoles surrounded by single-, double-, or multi-layer membranes (Fig. 3) . In the majority of cases, these structures are relatively small in size and are detectable at the nuclear periphery (Fig. 3A,B) ; in certain cases, the vacuoles can considerably increase in size and occupy up to one-third of the nuclear volume (Fig. 3C) .
Nuclear vacuoles can be formed by either invagination of two layers of the nuclear envelope inside the nucleus with part of the adjacent cytoplasm or invagination of only the inner membrane with an increase in perinuclear space (Rodriguez-Garcia et al. 1988 ). The content of nuclear vacuoles in the tobacco line SR1 MMCs is electron-transparent and differs from the cytoplasm in its density; this suggests that the nuclear vacuoles are formed without seizing the cytoplasm, i.e., this involves invagination of only the inner membrane of the nuclear envelope; however, this issue requires a separate study. Figure 3C shows a nucleus with the nuclear vacuoles passing through a cytomictic channel. It is evident that the chromatin accumulates near the cytomictic channel, whereas the nuclear vacuoles shift to the opposite side. This observation suggests that the vacuoles are not rigidly bound to the chromatin and nuclear envelope and can freely migrate in the inner nuclear space.
It appears to be starting from the pachytene, nuclear vacuoles are actively eliminated from the nu- cleus to the cytoplasm (Fig. 3D) . The nuclear surface becomes pronouncedly wavy, and vacuoles are released into the cytoplasm. Such vacuoles contain certain electron-dense substance, whose density corresponds to that of the nucleus. Presumably, such vacuoles containing nuclear material are further subject to lysis, since they are undetectable at later meiotic stages. Degradation of part of the nuclear contents can be associated with the transition from a sporophyte to gametophyte stage (Rodriguez-Garcia et al. 1988) . It is still unknown, which particular nuclear material is eliminated from the nucleus within these vacuoles; however, it seems to be they do not contain chromatin.
It is known that the nuclear vacuoles in the earlier studied plant species completely disappear from the nucleus by the end of prophase I and have never been detected during the metaphase of the first meiotic division (Rodriguez-Garcia et al. 1988; Majewska-Sawka et al. 1990 ). However, in several cases we have observed the presence of voluminous vacuoles within the metaphase plate of the first division (Fig. 3E ). An untypical presence of such vacuoles in the MMC cytoplasm at this stage as well as their close contact with chromosomes suggests a nuclear origin of these vacuoles. Presumably, these were the nuclear vacuoles that had not been eliminated before the metaphase and appeared in the cytoplasm after disappearance of the nuclear envelope. It is evident that the preservation of nuclear vacuoles to the metaphase of the first division is an abnormality; however, the causes leading to such abnormality are still vague. It is also unknown whether these vacuoles are able to influence the subsequent divisions, since they are eliminated from the nucleus and it is unknown whether they can or cannot enter the newly formed nuclei in the telophase.
The question on the reasons causing the development of vacuoles in the nucleus is still disputable. It has been assumed that the nuclear vacuoles are involved in the chromatin movement within the nucleus (Rasmussen 1976) and enhance the search for and association of homologous chromosomes by physically reducing the nuclear space (Karasawa & Ueda 1983) . However, it is more likely that nuclear vacuoles are the compart- ments for accumulation, degradation, or synthesis of certain substances (Majewska-Sawka et al. 1990) .
At the early meiotic prophase the internal structure of plastids is simplified, and the internal folding disappears almost completely during the early meiotic prophase (Fig. 4A) . This is normal behavior of plastids during meiosis and differences from analogous processes observed in the microsporogenesis of other studied species, consisting of a cycle of simplificationcomplication of their internal structure, have not been detected in tobacco line SR1 (Bhandari 1984; Polowick & Sawhney 1992) . Also ring-shaped mitochondria are frequently detectable on this stage (Fig. 4B) . It is unknown what the reason for appearance of ring-shaped mitochondria is. It could be connected with degradation of particular organelles during life phases changes. Late prophase I (diplotene and diakinesis) In the late prophase, the MMCs acquire a round shape; the majority of the cells loses the connection with one another and is more freely located in the space of the anther locule (Fig. 5A,B) . The nucleus at this stage is oval; the wavy shape of the envelope, characteristic of the previous stage, disappears. The chromatin in the nucleus is strongly condensed; bivalents are observable. The nucleolus continues to exist until diakinesis. The elements of the primary cell wall disappear, and the wall at this stage is represented exclusively by callose, variable in its thickness. The changes in the sizes of cell wall elements from the premeiotic stage to tetrads are listed in Table 1 .
It is evident from the data ( Table 1 ) that the thickness of the middle lamella gradually increases during the first meiotic prophase; presumably, this is associated with loosening of its structure and gradual degradation, leading to cell separation. The thickness of the cellulose wall at this time does not change; however, both the middle lamella and cellulose wall completely disappear by the end of prophase. The callose wall commences developing in the leptotene to reach a considerable thickness at certain regions by the end of meiosis. The thickness of the cell wall elements differs in different cells and different wall regions of the same cell (Table 1) . Both the middle lamina and cellulose wall are non-uniformly thickened; however, the maximum difference in the thickness is observed for the callose wall. By the end of meiotic division, the minimum and maximum values of callose wall thickness differ more than 15-fold.
It is evident that the callose wall, which starts to develop at the very beginning of meiosis and disappears upon its completion, plays an important role in the microspore maturation. One of the functions of callose is a physical isolation of microspores from one another and neighboring tissues, which prevents MMC adhesion; in addition, the callose wall protects MMCs from dehydration (Popova et al. 2008) . A known fact that untimely callose dissolution leads to sterility (Izhar & Frankel 1971; Worrall et al. 1992) , first and foremost, because the cells in the absence of callose are open to any physical and physiological impacts, proves an importance of the cell wall in microspore development. At later stages of microspore development, callose is involved in formation of the pollen grain envelope (Bhandari 1984) . In addition, a role of limiting the flow of information molecules from the sporophyte cells to developing gametophyte is assigned to the callose wall (Bhandari 1984) .
The mitochondria and plastids at the late prophase I are small in size, round-shaped, dense, and uniformly distributed in the cytoplasm (Fig. 5) . By the end of prophase I, the nucleolus disappears followed by disappearance of the nuclear envelope, and the cell progresses to metaphase.
Metaphase-telophase of the first meiotic division
The first prophase is the longest meiotic stage; after the transition to metaphase, the change in division stages goes considerably faster. At this time, the MMCs are surrounded by a thick callose layer, which is considerably thickened at individual regions (Fig. 6A-D) . The cells are completely separated from one another and freely located in the anther locule (Fig. 6B,D) .
After the disappearance of the nuclear envelope, the chromosome bivalents form a metaphase plate (Fig. 6A) to further segregate to the cell poles (Fig. 6C) ; then the nuclear envelope is restored and the nucleolus appear (Fig. 6E) . The general appearance of the cytoplasm does not change during these stages. The plastids and mitochondria are small-sized and electrondense, displaying a well-differentiated internal membrane structure. A large number of small vacuoles are present in the cytoplasm; the spherosome-like vesicles are preserved (Fig. 6E) .
The second meiotic division
Since tobacco is a species with simultaneous cytokinesis, the second meiotic division immediately follows after the first one (Brown & Lemmon 2001; Sidorchuk et al. 2008) . The second division is short with no noticeable changes in the cell wall or cytoplasm except for release of nucleoloids from the nucleus ( Fig. 6F ; denoted by white arrow); nucleoloids are large nucleoprotein particles necessary for the restoration of ribosome population (Williams et al. 1973) . On completion of the second meiotic division, the intercellular septa dividing all four nuclei are formed; note that the septa are formed in the direction from the callose wall to the center (Fig. 6F) .
Then the tetrads are separated into individual microspores with subsequent complex remodeling of the microspore cell wall leading to formation of threelayered pollen grain envelope (Rashid et al. 1982; Knox 1984) .
Thus, the overall dynamics of meiotic transforma- tions in the tobacco line SR1 MMCs is similar to that of the other dicot plant species. However, of interest are the specific features discovered in the microsporogenesis of this line, namely, cytomixis, formation and subsequent disappearance of nuclear vacuoles. The phenomenon of cytomixis currently attracts attention of many researchers; on the other hand, formation of nuclear vacuoles in meiosis has been undeservingly forgotten. Undoubtedly, this field of research is of special interest, since it is directly associated with the switching from a sporophytic to gametophytic pathways of plant development.
